We present a spectroscopic study of single quantum dot molecules ͑QDMs͒ formed by two closely stacked In 0.5 Ga 0.5 As layers. The exciton fine structures as well as direct and indirect excitonic species associated with QDMs were identified by power dependent and polarization resolved microphotoluminescence measurements. As the temperature was increased, a directional energy transfer between the direct and indirect excitons in single QDMs was observed. A rate-equation model was developed to explain our data. We show that a phonon-assisted nonresonant tunneling of the hole between the two adjacent dots is responsible for such directional energy transfers in QDMs. 3, [5] [6] [7] [8] in which rich patterns of electric-field-dependent level anticrossings/crossings for different excitonic species were observed when the electron or hole levels were brought into resonance.
The underlying atomlike properties of single semiconductor quantum dots ͑QDs͒ are essentials of many proposed quantum information applications, such as single-photon sources 1 and quantum logic gates. 2 For further scalability of such applications, building moleculelike structures with controllable coupling is desired. To this end, many researches have focused on the fabrication and optical properties of QD molecules ͑QDMs͒ formed by a pair of either vertically stacked [3] [4] [5] [6] [7] [8] or laterally aligned 9 self-assembled QDs. Recently, electrical controls of tunnel coupling in single QDMs have been demonstrated by a series of experiments, 3, [5] [6] [7] [8] in which rich patterns of electric-field-dependent level anticrossings/crossings for different excitonic species were observed when the electron or hole levels were brought into resonance.
Apart from interdot tunneling, dipole-dipole interactions have also been proposed as a dominant source of interdot coupling in QDMs 10, 11 when the direct interdot tunneling is largely suppressed between two nonidentical dots. Experimental evidences based on excitation spectroscopy 12, 13 and photon correlation measurements 11 have been reported. In particular, a directional energy transfer of exciton between the two adjacent dots was observed and explained in terms of phonon-assisted Fröster processes. 10, 11 However, such a directional transfer of carriers could also arise from nonresonant tunneling, which has been reported on ensemble of In͑Al,Ga͒As asymmetric QD pairs 14, 15 and recently on single InP/InGaP QD pairs. 16 Therefore, it is important to clarify whether the Förster transfer or the nonresonant tunneling is responsible for the directional energy transfer in QDMs.
Here we present a spectroscopic study of single QDMs formed by a pair of closely stacked In 0.5 Ga 0.5 As QDs. Fine structures of direct and indirect excitons associated with QDMs were investigated by power dependent and polarization resolved microphotoluminescence ͑-PL͒ measurements. A directional energy transfer from a direct to an indirect exciton in single QDMs was found as the temperature was increased. This phenomenon is explained in terms of a thermally activated tunneling of the hole between the two adjacent QDs.
The samples were grown on a n + -GaAs ͑001͒ substrate by metal-organic chemical-vapor deposition ͑MOCVD͒. The layer sequence consists of a 100-nm undoped GaAs buffer layer, followed by a 500-nm Al 0.8 Ga 0.2 As layer and an 80-nm GaAs layer grown at 700°C. The QDMs, formed by a pair of vertically stacked In 0.5 Ga 0.5 As QD layers separated by a thin ͑5 nm͒ GaAs spacer layer, were then grown at 500°C. The growth rate and InGaAs coverage were properly controlled, 17 yielding a low QD density of about 10 8 -10 9 cm −2 . Finally, the sample was capped by an 80-nm undoped GaAs layer at 500°C. Cross-sectional transmission electron microscopy ͑TEM͒ reveals that InGaAs QDs in each layer are lens shaped, with the height and base diameter of ϳ3 and ϳ18 nm, respectively. Although the two QD layers were grown under the same conditions, the upper dots are slightly larger than the lower ones due to the influence of strain fields underneath. As shown in Fig. 1͑a͒ , the base-tobase distance of the QDM was determined to be 5 nm, corresponding to a barrier thickness of only ϳ2 nm. Individual QDM spectra were investigated by a -PL setup via an aluminum metal mask with arrays of e-beam patterned apertures ͑ ϳ 0.3 m͒. A He-Ne laser beam was focused onto the aperture via a microscope objective ͑N.A. =0.5͒. The photoluminescence ͑PL͒ signals were analyzed by a 0.75-m grating monochromator combined with a liquid-nitrogen-cooled charge-coupled device ͑CCD͒ camera, which yields a resolution-limited spectral linewidth of about 60 eV. By using the Lorentzian line-shape fitting, the peak position of emission lines can be determined with an accuracy better than 10 eV.
For initial characterization, a PL spectrum was taken from unmasked regions of the QDM sample, as shown in Fig.  1͑b͒ . Apart from the GaAs near-band-edge emissions at about 1520 meV, an intense wetting-layer ͑WL͒ peak was observed at 1350 meV. Since the dot density is low, the QDM signals appeared as a low-energy tail of the WL peak.
Individual QDM spectra were accessed through the fabricated apertures. A typical spectrum taken from one of these apertures is also shown in Fig. 1͑b͒ . Single QDM spectra are characterized as a number of sharp lines around ϳ1280 meV. Several apertures containing only one QDM have been found and five of which have been investigated in detail. All of the investigated QDMs showed similar spectral features. Typical -PL spectra for four different QDMs excited nonresonantly under an excitation power of P ex =2 W are displayed in Fig. 1͑c͒ . Despite the difference in absolute peak energy, three dominant lines ͑labeled as X1 to X3͒ were observed for all QDMs. The X1 and X2 lines are separated by an energy ⌬E 12 ranging from 0.3-2 meV for different QDMs, while the X3 is almost fixed at about 4.0Ϯ 0.13 meV below the X1 line.
To classify these emission lines, power-dependent PL spectra were measured. Typical results obtained from one of these QDMs ͑QDM1͒ are presented in Fig. 2 . With the increasing P ex , the intensities of both X1 and X2 lines increase linearly, as expected for single exciton recombination. Thus, we ascribe X1 and X2 to different neutral exciton states of the QDM. The X3 line that exhibits a superlinear dependence ͑slopeϷ 1.3͒ is assigned to the recombination of negatively charged exciton ͑X − ͒ in the QDM. The formation of X − state is related to the unintentionally doped carbon impurities in the MOCVD grown sample ͑especially in layers grown at low temperature ϳ500°C͒, leading to preferential captures of more electrons into the QDM under nonresonant excitations. Optical control of the formation of X and X − states in single QDs via the carbon impurity level has been discussed in previous study. 18 Here it is worthwhile to point out that the energy separation between X3 and X1 is almost the same for different QDMs. Since the binding energy of X − is less sensitive to the variation in dot size, the similar binding energy indicates that X3 is the negatively charged state of X1 in the QDM. Apart from neutral and charged excitons, two emission lines XX1 and XX2 emerge with quadratic and superlinear ͑slopeϷ 1.6͒ power dependencies, indicative of biexciton recombination. Another two rather weak peaks were also observed on the lower energy side of the XX2 line. The nature of these features is not clear yet. However, their quadratic power dependence implies that each may also relate to biexciton and/or their charged states.
The X1 and X2 lines are unlikely to arise from direct excitons localized in the two different dots because their inherent size difference ͑ϳ20% according to TEM͒ would lead to a difference in ground-state energy of at least tens of meV, which cannot account for the variation in the X1-X2 energy separation ⌬E 12 of just a few meV. Furthermore, for QDMs with spacer thickness of only 5 nm, theoretical calculations predicted that the lowest-lying two electron states hybridize into bonding and antibonding orbitals with an energy separation up to ϳ50 meV due to the strong interdot tunnel coupling. 19 On the other hand, the lowest-lying two hole states, which are split by only a few millielectron volt, remain essentially uncoupled even in such closely stacked QD pairs, due to the much larger hole effective mass and the interpenetrated strain field. 19 Therefore, the X1 and X2 lines can be attributed to the recombination of the same electron states with two hole states localized in different dots and characterized as direct and indirect transitions.
Polarization-resolved PL measurements were employed to further examine the direct and indirect nature of these lines
Relative energy ( meV ) based on the fine-structure splitting ͑FSS͒ in QDMs. In single dots, it has been well established that the electron-hole ͑e-h͒ exchange interaction is sensitive to the dot shape symmetry, which splits the neutral exciton line into a linearly cross-polarized doublet. 20, 21 The typical FSS is about tens of eV for InAs dots with linear polarizations along the ͓110͔ and ͓110͔ directions. For a direct exciton localized in one particular dot, the FSS is expected to resemble the single QD case. However, since the e-h exchange interaction is proportional to the overlap of the electron and hole wave functions, the FSS for an indirect exciton would be decreased substantially due to the reduced wave function overlap. This criterion is helpful in identifying the spatially direct and indirect characters of the observed emission lines. In Fig. 3 , linearly polarized spectra of QDM1 along ͓110͔ ͑ x ͒ and ͓110͔ ͑ y ͒ directions are displayed. The X1 line consists of a linearly cross-polarized doublet with a FSS of ⌬ 1 Ϸ 30 eV. The FSS of XX1 is the same as that of X1, but with a reversed polarization sequence, indicative of a cascade process for the direct exciton and biexciton in the same dot of the QDM. The X3 line exhibits no splitting, as expected for a X − state where the exchange interaction is quenched by its singlet spin configuration of the two electrons. 21 On the other hand, we found that the FSS of the X2 line is virtually zero within our detection limit for all investigated QDMs. Thus, we conclude that X2 is the indirect transition.
In order to obtain more information about the interdot coupling, we performed temperature-dependent PL measurements. Figure 4͑a͒ shows such results for QDM1 at T = 4.3-24 K under a low-excitation power. With the increasing temperature, the X1 intensity ͑I 1 ͒ decreases while the X2 intensity ͑I 2 ͒ increases with a crossing in relative intensities I 1,2 / ͑I 1 + I 2 ͒ at T = 16 K. As shown in Figs. 4͑b͒-4͑e͒ , the investigated QDMs exhibited a similar behavior but with different crossing temperatures. Because X1 and X2 are direct and indirect transitions ͓Fig. 4͑f͔͒, the intensity crossing indicates a directional transfer of hole between the two adjacent dots. Such directional transfers are thermally activated processes within time scales comparable to the recombination lifetime of the direct exciton X1. To understand the underlying transfer processes, a simplified rate-equation model considering an interdot transfer rate ␥ t from X1 to X2 was used, 10, 11 
where n 0 , n 1 , and n 2 are the probability of finding the system to be in vacuum state, X1 and X2 states; and g 1 ͑g 2 ͒ and ␥ 1 ͑␥ 2 ͒ are generation and recombination rates for X1͑X2͒, as schematically shown in Fig. 4͑f͒ . For simplicity, biexciton states are neglected in this model, which is applicable under low-excitation conditions. To account for the thermal activation behavior, the temperature dependence of interdot transfer rate was assumed to be ␥ t ͑T͒ = ␥ 0 exp͑−E A / k B T͒, where the ␥ 0 is a preexponential factor and E A is the activation energy. Here, the direct coupling between X1 and X2 has been excluded from this simplified model. In fact, if the two hole levels are directly coupled, the population in the energetically lower-state X2 would be significantly higher than that in X1 at 4.2 K, since the relaxation bottleneck is not expected for the holes between levels separated by only ⌬E 12 = 1.3-2 meV. [22] [23] [24] For the investigated QDMs, I 2 Շ I 1 was typically observed at low temperatures ͑except QDM4͒, indicating that the two hole levels are not directly coupled. On the other hand, because the typical coupling strength of direct hole tunneling is Շ1 meV for barrier thickness տ4 nm ͑Ref. 25͒, it can be inferred that the hole levels of the two dots are not aligned and hence suppressing the direct hole tunneling. 
The relative intensity of X2 can then be obtained from 1 − ͓I 1 / ͑I 1 + I 2 ͔͒. The advantage of analyzing the relative intensities I 1,2 / ͑I 1 + I 2 ͒, instead of absolute intensities I 1,2 , is that only three fitting parameters are necessary to reproduce the experimental data. The parameters ͑␥ 0 / ␥ 1 ͒, E A , and ͑g 1 / g 2 ͒ determine the crossing temperature, the slope of intensity variation with temperature, and the intensity ratio I 1 / I 2 at low temperatures, 26 respectively. As shown in Fig. 4 , a good agreement is found between the simple model calculation and the experimental data. As for QDM4, the X2 intensity is already stronger than X1 at the lowest temperature; no intensity crossing can be observed at elevated temperatures. This indicates that the hole levels in QDM4 are directly coupled at low temperatures, as can be inferred from the very small energy detuning of only ⌬E 12 ϳ 0.3 meV. In Table I , the fitting parameters for different QDMs are listed, together with their energy separation ⌬E 12 between X1 and X2. The fitted values of E A , ͑␥ 0 / ␥ 1 ͒, and ͑g 1 / g 2 ͒ did not show noticeable correlation with ⌬E 12 . However, we found that the ␥ 0 / ␥ 1 shows an exponential dependence on E A . This can be explained by a thermally activated tunneling of the hole from one dot to another, as schematically illustrated in Fig. 5͑a͒ . The hole in QD1 first absorbed the thermal energy ͑E A ͒ and is activated to a higher-lying hole level, and then it is tunneled into QD2 followed by rapid relaxations to form an indirect exciton X2. For a square tunneling barrier, the interdot tunneling rate can be approximated by ␥ tun ϰ exp͓−2d ͱ ͑2m h ‫ء‬ ⌬V / ប 2 ͔͒, which increases exponentially with the reducing barrier height ⌬V and thickness d. This explains why the interdot hole transfer can be considerably enhanced by the absorption of thermal energy ͑acoustic phonons͒ to available higher-lying levels, because from which the tunneling barrier height is effectively reduced. Quantitatively, the total transfer rate ␥ t via such a thermally activated tunneling is determined by the product of ␥ tun and the thermionic emission rate. Therefore, the preexponential factor ␥ 0 in Eq. ͑2͒ would involve ␥ tun , i.e., ␥ 0 ϰ ␥ tun . Figure  5͑b͒ shows a semilogarithmic plot of the fitted ␥ 0 / ␥ 1 for different QDMs to the estimated ͱ ⌬V, where ⌬V = ͑V h − E A ͒ and V h = 20 meV were used. 27 Such an exponential dependence clearly demonstrates that the directional energy transfer is a thermally activated tunneling, rather than direct tunneling or dipole-dipole Förster transfers.
For QDMs formed by two nonidentical dots with noticeably different sizes, the direct excitons in different dots would have a large energy difference, which can substantially suppress the dipole-dipole interactions. Even though a phonon-assisted Förster transfer was taken into account, 10, 11 i.e., the two direct excitons in different dots were brought into resonance via absorption of thermal energy, the deduced ␥ 0 should be independent of E A and should reflect the strength of dipole-dipole interaction, which depends only on the interdot separation and cannot account for the observed exponential dependence of ␥ 0 on ͱ ⌬V.
Our results have an important implication for the control of interdot coupling in a QDM. Electric-field tuning of interdot tunnel coupling was the most successful. However, our results indicated that the thermally activated tunneling of the hole opens another channel for interdot coupling at elevated temperatures, even though the two ground hole levels are detuned from resonance. This would make the electric-field tuning of interdot coupling between hole levels become less controllable, particularly at higher temperatures. Such a thermally activated tunneling would be less significant between electron levels because the confined potential and the interlevel spacing of electron levels are usually significantly larger than that of hole levels.
In summary, we presented a spectroscopic study of single QDMs formed by two closely stacked In 0.5 Ga 0.5 As QD layers. The exciton fine structures, as well as direct and indirect excitonic species associated with QDMs, were identified by power dependent and polarization resolved microphotoluminescence measurements. As the temperature was increased, a directional energy transfer between the direct and indirect excitons in single QDMs was observed. A rate-equation model was developed to explain our data. We showed that the origin of the directional energy transfers in QDMs is a thermally activated tunneling of the hole between the two adjacent dots, rather than a direct tunneling or dipole-dipole Förster transfers. Such a nonresonant carrier transfer should be considered in the control of hole level coupling in QDMs at higher temperatures. 
